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2. TECHNICAL APPROACH

2.1. PHASE 1

The objectives of Phase I were to provide early results as well as a smooth transition into the
effective use of the emerging parallel machines working with existing finite element method
(FEM) structural mechanics codes. The following tasks were stated in the original statement

of work:

1. Evaluating the performance of the computational model for a series of frontal offset
impact conditions, including oblique impacts, against test data.
(ORNL task-partially completed)

2. Investigating the structural response of compartment for the above configurations.
(ORNL task-completed) '

3. Performing appropriate impact tests to accommodate the above requirements.
(NHTSA task—partially completed)

4. Collecting and analyze the experimental data.
(GWU task-completed)

5. Develdping post-test investigation protocol.
(GWU task—partially completed)

6. Modifying vehicle model based on experimental validation.
(ORNL task-completed)

7. Project report detailing accuracy of the finite element model and comparisons with

experimental results. (ALL-in progress)

Because of the funding situation, the ORNL activities on the project had to be brought
to a conclusion by the end of calendar year 1996. The project objectives in the original

statement of work were written assuming long-term effort and were planning on continuous



contributions from related projects to create a comprehensive study of a wide spectrum of
LWM in automotive applications.

The results of the first phase of the project were to be computational models for a midsize
sedan that would accurately describe deformation of the standard vehicle [the term standard
pertains to the vehicle made of conventional automotive materials (i.e., mild steel)] in various
collision scenarios. The impact situations that were planned to be analyzed and simulated

were, in chronological order:

1. Frontal offset impact of a vehicle into a rigid barrier
2. Frontal offset impact of a vehicle into a moving deformable barrier (MDB)

3. Frontal oﬁ'éet impact of two vehicles
4. Frontal oblique offset impact of a vehicle into an MDB

5. Frontal oblique offset collision of two vehicles

The project collaborators from NHTSA were interested primarily in modeling collision
scenario 5, and subsequently, only a vehicle from such a collision was made available for
comparison with the simulation data. That has forced ORNL effo;ts to skip the analysié
of collision scenarios 1 to 4 and work directly on scenario 5. The model for scenario 5 was
initially supposed to be a culmination of the research done on all the previous scenarios
where deficiencies of the model would be more easily identified and corrected. The lack of
this gradual approach has resulted in modeling difficulties that arose from very corﬁplicated
vehicle deformation in .scehario 5. In this type of collision, almost all parts of the vehicle in
the engine compartment and numerous parts from passenger compartment structure signif-
icantly influence the deformation. The modiﬁcatiohs of the model had to be simultaneously
performed on many parts in both vehicles. In addition, the collision of two vehicles has
the largest number of finite elements among all the considered scenarios, and it presented
computational difficulties because of the availability of supercomputers at ORNL.

After numerous modifications and simulations with the computational model, and inves-

tigations on the crashed car, a vehicle model that very accurately describes the deformation



of the studied vehicle in collision scenario 5 has been developed. The simulated deformation
of the engine compartment, subframe, and chasis up to the passenger compartment shows a
very good agreement with the test. In light of the fact that the most of the energy in this
particular collision scenario is consumed in the engine compartment, it may be 'conéluded
that the developed model is reasonably valid. It could also be expected that the developed
model should be accurate in collision scenarios 1 through 4. However, this assumption would

need to be verified by inspection of the test vehicles involved in those collisions.

2.2. PHASE 1I

This phase was to concentrate on building a true comprehensive simulation for assessment of
the effect of LWM in the automotive design. Phase II was also to focus on the development
of the constitutive material model libraries to characterize the materials, such as aluminum
and polymer composites. Unfortunately, Phase II was not explored indepth because of the

termination of the project.






3. PROJECT RESULTS

3.1. ANALYSIS OF NHTSA VEHICLE DATABASE

The NHTSA develops and maintains a comprehensive relational Vehicle Crash Test Database
that includes engineering data measured during controlled vehicle crash tests performed for
various types of research, New Car Assessment Program (NCAP), and compliance crash
tests. The database was built using INGRES! software. The document? detailing the struc-
ture and the content of the database has been used to form SQL queries for extracting
the data that were relevant for the development of the computational vehicle model. The
database primé,rily deals with passenger safety issues (injury criteria, intrusion in the pas-
senger compartment, etc.) and not with the structural deformation of particular vehicle
components so that it was of a limited use for the model devélopment.

The entire database has been recently made available on the World Wide Web at
http://www-nrd.nhtsa.dot.gov/nrd10/nrdl1/databases.html.

The interface for éreating simple queries is under development at NHTSA, and it is expected
to be available in the near future. Therefore, the details on techniques used to perform
database queries will not be presented in this document because they will soon become
unnecessary for database browsing.

The test vehicle provided for this project was from NHTSA test number 2075. The
general test information is enclosed in Appendix A. The test involved two Ford Taurus
vehicles engaging in oblique 30° offset frontal impact. A setup for the test is illustrated in
Fig. 1. The provided vehicle is marked as target. A frame from the high-speed film of the
collision with overlayed véhicle trajectories is shown in Fig. 2. The tested vehicle was placed
on a rotating fixture so that it could be inspected from different angles. The underside of

the tested vehicle on the rotating fixture is shown in Fig. 3.
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Fig. 1. Vehicle Positions for Offset Frontal Oblique Test
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Fig. 2. Collision Point of Test Vehicles



Fig. 3. Tested Vehicle on Rotating Fixture



3.2. ANALYSIS OF THE TEST VEHICLE -
3.2.1. Background |

The 1992 Ford Taurus sedan, having been subjected to an instrumented, 30° oblique offset
impact test, was transported to the George Washington University School of Engineering and
Applied Science for mapping of the deformed vehicle. The vehicle was received at a reserved
garage space in the basement of GWU s Thompkins Hall. All four tires were removed from
the vehicle, and the driver’s side door and trunk were tied in a closed position with ropes.
The vehicle was rotated 90° along its longitudinal axis and locked in place on a steel tube
frame steady rest, with the passenger side closest to the floor of the garage and the vehicle
roof facing the back cinderblock wall of the garage. This configuration left the deformed
underbody and forward-end driver’s side of the vehicle exposed for measurement.

Several measurement techniques were considered to produce a general map of the de-
formed structure of the vehicle. Classical manual surveying techniﬁues were considered,
which required laying out a gridwork of strings against the vehicle underbody, plumbed to
give a two-dimensional grid with the vertical axes plumb to the garage floor and horizontal
axes leveled. This grid could then be used to provide é, gross referencing plane to map the
underbody geometry. HoWever, this approa_,éh seemed to be extremely labor intensive and
subject to significant error. A more modern technique was investigated, using an articulated
electronic digitizing arm designed for use as a computer aided coordinate measurement ma-
chine. The potential accuracy advantages of this approach led to its selection. A digitization
system was purchased under contract, and a graduate student at GWU attended a 3-day |
course at the digitizer manufacturer s facility to be trained in the use of the equipment
and software. A significant portion of the vehicle rear end, underbody, and the highly de-
formed regions of the forward end structure were measured busing the equipment to produce
three-dimensional, rectangular Cartesian geometry points. These points Were captured in
AutoCAD, written to an IGES file format, and provided to the Modeling and Simulation
Group at the Oak Ridge National Laboratory.
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3.2.2. Digitizing Equipment

The selected computer-aided measurement system is an 8-ft radius, Silver series articulated
digitizing arm with the trade name Faro Arm, sold by Faro Technologies, Incorporated, of
Lake Mary, Florida. This model of the Faro Arm consists of a heai/y—dﬁty tripod with a
3-in.-diam male thread attachment, the mounting base assembly with a mating 3-in.-diam,
female thread and 30-in.-high vertical positioning post, the articulated arm assembly with
integrated digital control box, and an IBM ThinkPad 550 notebook computer and software
for data acquisition. The Faro Arm has rated, 9-standard-deviation accuracies of 0.012-in.

spherical point and 0.016-in. linear displacement.

3.2.2.1. Hardware

The tripod assembly has cast aluminum leg assemblies with 6-in.-diam, rubber-coated foot-
pads for leveling and skid-resistant gripping on the floor of the garage. Although the Faro
Arm also includes a tabletop mounting bracket, the mobility and added vertical positioning
afforded by the tripod warranted its use. The 30-in. vertical mount assembly threads onto
the tripod assembly and is hand tightened using the knurled surface on the outer surfa.ce‘ of
the thread boss. The arm assembly slides onto the vertical mount assembly and is held in
place using a hand-knob-actuated, oversized set screw to prevent both .vertical and rotational

| movement of the arm when tightened. |
The control box on the Silver series of thé Faro Arm is mounted directly to the base of the
arm assembly. This controller box contains signal and numerical proceissors that allow for the
reading of raw data and conversion of theée raw data into dimensional coordinates. Inside
_the box is an EEPROM chip that allows for controller software updating. The controller
box automatically senses worldwide AC input 110/220 VAC, 50-60 Hz, 50 W. Power to the .
controller box is supplied through an external power supply box, which plugs into a power
port in the back of the controller box. The data connection between the controller box and
the notebook computer is proﬁded by a null modem serial cable that piugs directly into
the PC’s serial port. A series of eight LEDs are on the front panel of the controller box
to indicate power, communication error, and six error indicators for each of six positioning

sensors in the arm. Temperature compensation is built into the EEPROM logic such that
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the control box will not operate until the device senses the temperature to be stabilized
within a +5° Celsius bandwidth for 5 minutes.

The arm assembly has two, 4-ft-long arm segments and a probe segment. At each of
the three joints (lower arm to base, lower to upper arm, and upper arm to probe se_gment),
the arm is articulated to rotate about two axes, and the degree of rotation is monitored by
built-in sensors that communicate with the controller box. The lower arm segment to base
degrees of freedom are rotation about the vertical axis of the base and rotation about the
current horizontal axis of the base to provide unlimited positioning within approximately
70% of the spherical space defined by the base attachment (origin) and the length of the
arm. The degrees of freedom of the elbow joiht between the lower and upper arm segments
and between the upper arm segment and the probe segment are a hinging degree of freedom
and rotation about the previous segment’s longitudinal centerline. If the limits of any of the
six degrees of freedom are reached, error signals are transmitted to the control box, and the
data flow is stopped until all degrees of freedom are within allowable limits. This prevents
erroneous data from being transmitted as a,.result of unwanted flexure of the arm segments.

The probe segment contains a 0.375-in.-24UNF threaded recéptacle that accepts either
of two styles of probe: a point probe and a 1/4-in.-diam spherical tip probe. Two buttons
are located on each side of the probe segment for control of the data flow.

The global origin of the Faro Arm defaults at power up to the center of a base-mounted,
magnetized spherical receptacle located at the lower front of the base assembly. This recep-
tacle accepts either of two, close-tolerance accuracy-certification devices provided with the
Faro Arm. '

The computer used for data acquisition is an IBM ThinkPad 550 notebook personal
computer with a 10-in. diagonal active matrix color screen, 24 MB of RAM, and a 750 MB
built-in hard disk drive. A trackball pointing device was also supplied, which plﬁgs into the
bus port of the PC and attaches to the side of the keyi)oard.

3.2.2.2. Software

The software used for data acquisition was AnthroCAM, written by Faro Technologies, Inc.
AnthroCAM operates as an overlay to AutoCAD release 12 AS for DOS, by AutoDesk,

12



and requires the AutoCAD add on software AutoSurf release 2 for Non-Uniform Rational
B-Splines (NURBS) based surfacing operations and the AutoSurf IGES Translator. Anthro-
CAM also requires a hardware port lock authorization key to operate the software.

The AnthroCAM software includes a large number of general coordinate measurement
machine (CMM) capabilities, designed to assist in quality control inspection. Most of these
capabilities were not required for this activity. Only those capabilities of the software perti-

nent to this effort are discussed below.

3.2.2.3. Certification

The Faro Arm is calibrated for accuracy at the factor prior to shipment. Certification of the
current status of accuracy of the Faro Arm is accomplished using two different certification
methods: the Ball-Bar accuracy test and the Sphere-Sphere accuracy test. The Ball-Bar
accuracy test is based on the ANSIT B89 1.12 standard and reports the volumetric single-
point repeatability of the Faro Arm. The inspection hardware provided with the Faro Arm
for this test is an angled bar with a highly polished, 1-in.-diam ball at one end and a cone-
_ shaped receptacle at the far end. The ball end rests in the magnetized base receptacle and
allows full range of motion of the arm. The conical receptacle is used to hold the 1/4-in.
probe tip during the range of motion certification test. The Sphere-Sphere accuracy test
uses a separate 1-in.-diam, highly polished steel ball, held in place in the magnetized base
receptacle, and is used to measure the distance from the center of one sphere to the center
of the second as the arm is exercised through its full range of motion. This test provides
repeatability certification. Both tests are controlled by the software through a menu item
selection and produce a report of the results of the certification. Certification of the accuracy
of the Faro Arm was conducted once before any meésurements were taken, then periodically

during the data acquisition effort.

3.2.2.4. Measurement

The AntrhoCAM software, written to the AutoCAD API, provides extensive measurement
options, including point reducible features, plane reducible features, and three-dimensional

entities. Point reducible geometric entities (e.g., circles, cones, points, etc.) require that the
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user first define a plane onto which the feature will be projected. Planes are defined by up
to 99 input (digitized) points, which are then reduced to a two-dimensional plane using a
least squares fitting routine in the AntrhoCAM software. In fact, all geometric primitive
entities are defined by performing least squares fit to an arbitrary number of input digitized
measurement points. All geometric primitive entities are corrected internally for the offset
of the 1/4-in.-diam probe tip. This is accomplished by the operator of the digitizer by
including as the last data acquisition point a material side vector that varies depending on
the geometric entity being measured.

In addition to the measurement of geometric primitives, several scan options are avail-
able. Scan measurements allow the operator to scan an unlimited number of general three-
dimensional points in a continuous stream using a variety of options. The most ﬁseful optidn
used during this effort was parallel locked planes,b in which user-defined coordinate systems
were defined and planes parallel to an input principal coordinate plane are established based
on user-defined spacing. As the probe tip is passed over a general three-dimensional ob ject',
data points that fall on the planes are memorized, and each of the data points on each plane
afe fit using cubic splines. These splines can later be used to clean up the data by reduc-
ing the number of input points (by mathematicaliy fitting evenly spaced points along each
spline), then combining them into NURBS surfaces using AutoSurf functions.

Also included in the measurement functions are inspection functions. Once surfaces
are defined based on scanned input points, the operator may inspect the physical surface
using the digitizer probe and compare these results with the mathematically defined NURBS
surface points in the data file. In this mé‘mher, the quality of the geometric representation

within the AnthroCAM model can be determined.

3.2.2.5. Construction

Besides the direct measurement features available in the AntrhoCAM software, geometric
primitives may be defined by construction based on input (digitized) data points. These
include lines, arcs, circles, etc. These features are useful in defining vectors for use as user-

defined coordinate axes to support the direct measurement functions described previously.
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3.2.2.6. Alignment

One of the most powerful and useful features provided by AnthroCAM besides the direct
measurement functions is the ability to initially align the global coordinate system then to
later reacquire that coordinate system on a‘subs’equ.ent setup. Several alignment options are
available. The initial alignment involved defining point reducible geometric entities on the
Taurus then using a featﬁre called 3-2-1 a.l‘-i_gnment to define the global origin and coordinate
axes. Later, as the limits of the Faro Arm were reached from 2 given setup point, a Leap
Frog alignment option was used to allow the arm to be moved, and the global coordinate
system then reacquired by measurement of a minimum of three point-reducible features on
the vehicle. The software then uses a series of least squares fitting techniques to realign
the digitizer s global coordinate system with the AutoCAD /AntrhoCAM global coordinate
system. Using this feature, it was possible to span the entire envelope of the Taurus within
a single AutoCAD file, although the digitizer arm had a limited range of measurement from

a single fixed point.

3.2.2.7. NURBS Surfacé Construction

Once general three-dimensional points are defined using the digitizer and the AntrhoCAM
software, the functionality of AutoSurf is used to combine various cubic spline representations
of the surface geometry of the vehicle into NURBS surfaces. Because of the highly deformed
nature of the vehicle, this particular software function proved to be quite cumbersome to use.
The NURBS surface calculation failed to obtain valid solutions unless the number of splines
used for these calculations was kept small. As a result, a large amount of postprocessing
of the raw data would eventually be required to obtain a fully surface-defined model of the
deformed vehicle. This final part of the crashworthiness project was not completed during
the contract phase, although sufficient geometry was obtained and stored in data files to
permit eventual construction of NURBS surface representation of the most highly deformed

regions of the external structure.

15



3.2.3. Measurement Setup

As noted in the Sect. 3.2.1, the Taurus vehicle was installed in a garage area of Thompkins
Hall at GWU. With the Taurus mounted on the Steady Rest with its passenger side facing
the garage floor, and with the roof of the vehicle pushed up against one wall of the garage,
there was approximately 5-ft of working space on thé forward and back end of the vehicle,
approximately 4-ft of working space along the underside of the vehicle, and approximately
4-ft above the driver’s side of the vehicle to the ceiling of the garage space.

The initial setup of the digitizing equipment was selected at the rear of the vehicle.
This area was selected for several reasons: the working space in this area was larger than
other areas; the number of undeformed entities that could be approximated by geometric
primitives was the greatest of anywhere on the vehicle; and experience could be obtained
by the operator in using the hardware and software in this region, where the criticality of
precision was less than in the highly deformed forward end.. _

The tripod was initially set up within 3-ft of the rear end of the vehicle, where access to
the trunk lid, rear end, and underbddy was available up to the forward end of the trunk well.
The global coordinate system was defined by measurement. of five different point reducible
circles: the trunk lock outline, two holes located on the relatively flat surface of the license
plate mount, and two holes on the body that were in the vicinity of the rear brake lamp
covers. The global origin was placed at the trunk lock, with the global X-axis directed in the
direction defined by the two symmetric holes near the taillight covers, the Y-axis defined by
the perpendicular from the X-axis on the plane defined by the license plate mount, and the
Z-axis directed toward the front of the vehicle. These five features were used in subsequent
rear end setups to reacquire the global coordinate system.

To maintain security of the equipment, the digitizing arm was disassembled and placed in
locked storage between each data acquisition session. At the beginning of each new session,
the equipment was taken out of storage and a setup procedure was then followed prior to
any new data acquisition. | First, the tripod assembly was set up in the area of interest for
the current session. The digitizer arm assembly was then mounted to the tripod and the
mounting thread tightened by hand. The range of motion of the digitizer arm Wés tested to

ensure that the area of measurement desired could be obtained without causing any of the
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degrees of freedom of the arm to be extended to their limits. Once positioned, the power
supply and serial cable were attached to the control box on the digitizer. The computer
was then positioned, the software key and serial cable were attached, and the computer
was powered on. Finally, the AntrhoCAM software was executed, and the working file
was opened. To realign the digitizer arm global coordinate system to the CAD coordinate
system, the five point-reducible features described previously were measured, and a 3-2-1
alignment was executed. Previously measured geometric features were then inspected using
the inspection functions of the software to ensure proper alignment. Once it was verified
that the g_lobal coordinate system had been reacquired accurately, new geometry was then
digitized. _

-A significant amount of the rear end of the vehicle was digitized and the data reduced to '
'NURBS surfaces to establish the data ‘acquisition and reduction methodology. Subsequent
setups were eventually used to traverse the length of the vehicle underbody and the highly
deformed forward end of the vehicle. The AnthroCAM Leap Frog realignment function was
used to accomplish this traversing. Fixed features along the undersides of the vehicles were
selected as master features for realignment of thé digitizing arm. These master features
included the axle attachment points on the rear wheels, the attachment points of the rear
suspension rods to the vehicle frame, drilled holes along the driver and passenger sides of
the underbody, and similar axle and suspension attachment points on the forward end of
the vehicle. In all cases, the same surfaces were used to define the planes for defining point
reducible geometric features, and in general only point reducible circles were used (e.g., the
outline of bolts, holes, or other circular features).

The changes in setup that were accomplished using the Leap Frog technique involved a
three-step process. First, with the digitizer arm alignment to the global coordinate system
established, either up to five master features were selected from the stored features, or new
master features were defined within the reach of the digitizer arm from both the current
setup and the desired new setup locations. Once these master features were established, -
the software was instructed to permit realignment of the hardware. The digitizing setup
was then physically moved to the desired new location. Finally, the same master features

were measured, and the software then performed a best fit realignment of the general three
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dimensional coordinate system based on these measurements.

3.2.4. Measurement Strategies

The measurement strategies selected during this effort evolved as experience was gained with
the use of the hardware and software. The initial strategy centered around measurement of
clearly defined geometric entities that could be adéq_uately represented as geometric prim-
itives. These were simple circles, connecting lines, and in the case of the spare-tife well in
the trunk, a body of revolution. These basic geometric entities, widely spaced along the rear
portion of the vehicle, provided key reference points for later measurement and verification
of alignment of the system. These initial, simple measurements would proceed in a regular
manner. If the geometric entity was an inside circle, for example a hole in the body of the
vehicle, a plane was first required for projection of the circle. In the case of the rear license
plate mounting surface, numerous points were defined on the surface by moving the probe
tip along the surface and éelectihg points using the control buttons on the probe section of |
the arm. Once sufficient points were acquired to define the plane, a final point was selected
away from the plane to define the direction in which the software should compensate for
the diameter of the probe tip. A visual representation of the plane then appears on the
computer screen, trimmed to the rectangular limits of the points acquired (although internal
planes are represented as infinite in expanse). Once the projection plane is established, the
software prompts the operator to define points on the circle. As many as 99 points may be
taken, although a minimum of 3 are required. Once several points are taken on the circle, a
final point is digitized, either toward the center of the circle or to the outside of the circle,
again to define the direction in which the software should compensate for the radius of the
probe tip. The software then performs a best fit of the data and shows a representation of
the calculated circle projected to the previously defined plane on the computer screen.
Later measurements involved defining both regular as well as highly deformed surfaces.
To accomplish this part of the task, use was made of two key capabilities of the software:
user-defined coordinate systems and parallel lock plane scanning. In preparation for scanning
points on the surface of interest, geometric features close to that surface were selected such

that a user-defined coordinate system could be constructed. For example, in preparation for
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acquiring digitized data on the forward engine compartment frame, a coordinate system was
defined with its origin at the front driver’s side axle intersection with the rotdr; this origin
was defined by measuring the point reducible circle at that intersection. An appropriate
principal axis was selected by measuring another point reducible circle (e.g., the passenger’s
side axle intersection with the rotor), and a vector was then defined between the two. One
of the other principal axes was defined similarly. .

Once the user-defined coordinate system (local) was defined, the surface of interest was
examined, and a decision was made regarding which direction to define the parallel planes to
maximize the description of the component to be measured. For example, in the case of frame
members, the parallel planes were selected such that they would be normal to the major axis
of the frame member. In general, these parallel planes were selected to be spaced 0.25-in.
apart but could be closer or farther depending on the frequency of change in geometry. The
digitizer was then placed in continuous scan mode by pressing one of the control buttons on
the probe segment, and the surface of the component to be digitized was traversed with the
probe tip. If the data stream needed to be paused, for example to reposition the arm, the
back button on the probe segment was pressed. The data stream could then recommence
once the probe tip was repositioned. ‘

Once a series of points was defined on parallel lock pla,nes,bth'e data stream was discontin-
ued, and the software then analyzed the input data. Data points that fell on individual lock
planes were grouped together and sorted. Finally, cubic splines were fit to the individual
data sets for each lock plane gfoup. These sets of points could then be refined using AutoSurf
functions, which took the mathematical spline information and increased or decreased the
number of points that defined those splines into evenly spaced poinfs for compactness in the
data storage. |

In addition to the cubic spline definitions, the general outline of the individual parts was
measured by using the general three-dimensional scan option of the software. For example,
the outline of the trunk was defined as a continuous, closed line by placing the digitizer in
continuous scan mode and tracing the outline of the trunk lid. Care was taken to hold the
tip of the probe on the surface or outline as the digitizer arm was moved to ensure contact

with the part. Spurious data points could be individually removed by on-screen selection
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after completion of the continuous data stream acquisition.

3.2.5. Postprocessing

As individual components were digitized as sets of cubic splines and the outlines of the
components were defined by general three-dimensional lines, the data were reviewed on-
screen and spurious data points removed individually. The individual splines for a given
component were then refined using AutoSurf’s polyline opti(')ns. The spline directions were
then modified as required such that all splines defining a particular component had the same
direction. The splines were then clipped as needed to the three-dimensional outline, again
using AutoSurf functionélity. Finally, where possible, NURBS surfaces were generated from
groups of splines to- define the final part. Because general three-dimensional scanned. points
are not corrected for the diameter of the prbbe tip, these surfaces then were offset by 0.125-
in. to compensate for the probe tip. In those cases where NURBS surfaces were successfully
calculated, the integrity of the surface representation was evaluated using AnthroCAM’s

surface inspection options.

3.3. DEVELOPMENT OF VEHICLE MODEL

The modeled vehicle, a Ford Taurus sedan, is a representative of rapid evolution of mass
production automobile structural design during the last two decades.® This car no longer em-
ploys separate frame and body structures, but combine them into an integral system known
as a unitized body (unibody). The unibody consists of a large number of welded stamped
metal parts and is the main energy-absorbing structure of the vehicle. Front subframe is
attached to the unibody very late in the assembly process. It carries the transversly posi-
tioned engine, transmission, front suspension, and wheel assembly. The rear suspension uses
strut-independent rear suspension and two parallel control arms per side. The complexity
of the unibody-subframe structure does not allow for obvious simplifications in simulation
models as in cases where there is a clear distinction between the structural frame and the sec-
ondary body structure. Therefore, the sheet-metal structures are essential in impact energy

absorption and have to be accurately modeled.
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Over the past several years, NHTSA has been developing an FEM model of a midsize
sedan.>7 The model has been obtained by first disassembling the vehicle and then scanning
the shape and measuring mass and inertia of each component. The FEM model is derived
from the geometric model by discretizing each digitized part using finite elements and con-
necting them into the final model. The separation of geometrical representation from the .
computational FEM was intended to allow for flexibility in model modifications and addi-
tion of complex constraints. The FEM model has been developed for the LS-DYNA3D FEM
analysis program. The details of the employed methodology and program capabilities can
be found in Ref. 8. _ v

The originaI vehicle - model was developed and verified by DOT for a full-frontal impact
with a rigid barrier. Simulation results were in reasonable agreement with the test data.
However, when the vehicle was subjected to different impact scenarios, such as a frontal-
offset and oblique-offset impact, significant discrepancy with the test data was observed as
documented in Ref. 6. For example, in oblique-offset, frontal two-car impact, engagement
between the wheels and supporting structures results in considerable damage to the passenger
compartment. Although important in real impact, the details of this damage process were
not accurately represented in the original simulation. In full frontal impacts, the crash
front does not critically involve the wheel structure and, thus, has not been modeled in
detail. Therefore, collisions where a considerable amount of energy is dissipated in wheel
and suspension structures may not be modeled accurately with the original model. |

The difference between the offset simulations and the tests is mainly a result of the
differénce in deformation modes that vehicles undergo during impact. While producing
mostly axial mode of deformation in the full-frontal impact, the offset impact introduces
large shear and bending moments into the structure.” Moreover, the component connections
are not challenged in the full-frontal impact as much as they are in offset impacts. It has
been observed that in impact tests the engine block and transmission behave as rigid bodies
supported by deformable structure. In frontal impacts, the engine block does not change
its relative position with respect to other parts to the extent it does in offset impacts. In
offset impacts engine and transmission connections to the unibody and subframe become

extremely important and their failure mode and breakup force determine engine kinematics
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and overall vehicle deformation. These connections are often complex and consist of multiple
cradles, dampers and fasteners. Approximating their behavior with a single constraint may
not be appropriate in cases where thereis a signiﬁcant'load tranéfer associated with it. Other
deficiencies of the model for offset impacts were also noted and were aﬁdressed in the model

. optimization process.

3.3.1. Original Model Limitations

The most practical approach in optimizing the model would be to start from a single car
model and then to progressively optimize it based on impact with various rigid and de-
formable barriers in offset and oblique impact configurations. The impact scenarios would
preferably be in increasing order of difficulty of simulation as ranked in Sect. 2.1. The initial
plan was to use the P3/PATRAN'® vehicle solid model as a base for development of finite
element models. The manipulations with solid models are geherally easier and more versatile
than working directly with FEM meshes. Once the solid model is modified, an FEM mesh is
easily generated to accommodate the changes in geometry. However, numerous deficiencies
in the P3/PATRAN vehicle model and program translator to LS-DYNA3D format prevented
from using that approach. More specifically:

1. Geometry data were not stored, just a finite element model. In order to use the
P3/PATRAN CAD environment, it would have been necessary to redevelop all the

geometries from IGES files, which in itself is a considerable effort.
2. Many of the modeled parts were disconnected and had no constraints.
3. There were numerous free edges in the model.

4. Flement properties that were read in from the supplied P3/PATRAN neutral file did

not have information that was required by the analysis program.

The software that was used for interfacing P3/PATRAN with LS-DYNAS3D was in the early
stages of development and could not handle the numerous intricacies associated with contact

interfaces and single and multiple point constraints. Because of the aforementioned problems,
it was decided not to pursue the P3/PATRAN-to-DYNA3D model development route but
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‘to directly manipulate DYNA3D input files. This decision imposed practical limitations on

the extent of feasible modifications and remeshing of the model.

3.3.2. Model Modifications

The changes to the original NHTSA vehicle model presented here are results of information
collected from crash test data, vehicle inspection, and numerous computational simulations
and modifications. The structural modifications include changes in the topology and in
material parameters for some of the components of the model. The topological changes are
confined to the front suspension of the car, engine mounts, spotweld representation, and
the engine cradle structure. In addition, several changes have been made to the front seat
supports. The material changes are associated with changes in material properties in the
bumper and in the links that connect the stabilizer bar to the knuckle wheel assembly. There
are changes associated in the method used to simulate the flexible engine mounts and the
method used to release some of the reaction components that éxist at the boundaries of
the suspension assembly links. The engine thickness was increased to increase its rigidity.
Material thickness in the upper and the lower rail was increased to reflect the physical values
measured on the crashed vehicle. The hood stiffness was significantly reduced because it was

removed in the physical test.

3.3.2.1. Material Sets

One additional material set has been added compared to the original model. This is a Rigid
Body Set that represents the running surface for the car. This surface is used to assess the

yawing and pitching of the vehicle at impact. The new number of materials is 131.

3.3.2.2. Number of Nodes and Elements in the Model

The number of nodes is increased as a result of the addition of the rigid surface described
previously. The new number of nodes is 26,777.
The number of solid elements is increased as a result of the addition of the rigid surface

to the mo.del. The new number of solid elements is 345.
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The nurhber qf beams has been increased compared to the original model. The beams
in the front section of the car that do not connect any structural part in the model were
eliminated. There are more beams of this type throughout the vehicle, but they were not
removed because they are of no importance in the frontal oblique collisions. More beams
were added to account for local bending of Suspension and steering components. There are

now 157 beams in the model.

3.3.2.3. Contact Interfaces

The number of sliding interfaces has been reduced from 26 to 1. The initial model used
25 slide interfaces of LS-DYNA3D type 6. This interface represents a discrete nodes tied
to surface type contact. In Version 936 of LS-DYNAS3D, it was required that the physical
separation of the nodes to the surface has to be small. For the cases when this separation is
significant, the nodes are not tied to the surface. This results in unconnected nodes relative
to the adjacent surface. Because of the 1 slide surface that includes all the Surfac;es within
a boz, the nodes will not be unrestfained, and in the front part of the car they are limited
in motion by the adjacent shell elements. The 25 type-6 slide interfaces have been replaced
with rigid body constraints. Such a replacement may sometimes influence the kinematics
of the problem because the inclusion of a rigid link between widely separated nodes may
introduce translation of one node relative to the other as a result of the rotation of the first |
node. However, such a behavior was not observed in the simulations performed with the
modified model.

In the original version of the vehicle model contact type-13 interfaces included compo-
nents from the front of the car to the area immediately behind the front seats. This definition
did nbt include the front seats, which, therefore, beéame unconstrained and penetrated the
base platform of the car. The updated version extends this box to a region farther behind
the end of the front seats. - '

The automatic surface generation feature for inclusion of multiple vehicle parts in the
general contact surface was used in the initial version of the model. However, the materials
associated with the beams and glass elements were not included. The updated version

includes all the materials except the materials that represent the components made of glass.
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Interfaces between the floor pan and the longitudinal floor channels were added to account
for the spot welds and for the tearing between the floor channels and the floor panel that

was observed in the tested vehicle.

3.3.2.4. Nodal Constraint Sets

The number of nodal constraint sets has been reduced from 339 to 317. Most of this reduction
results from removal of the nodal constraints that existed between the back-seats and the
frame that supports these parts to the vehicle floor. These constrains are now repiaced by
rigid body constraints. |

The original model has 180 spot welds with a prescribed tensile and shear strength of
20 % 102 N. It is not very likely that this stress limit would be reached in the collision

situations under consideration so that these spot welds were replaced by rigid links.

3.3.2.5. Rigid Body Constraints

The number of rigid body constraints (rigid links) has increased from 7 to 36. The main
reason for the increase is that all the type 6 slide surfaces have been converted to nodal
rigid links. The nodal constraints for the front seats have also been converted to rigid nodal
constraints, and the front of the rail struts has now been connected to the front bumper
back plate. The initial version of the model did not connect the front bumper to the bumper
supports in the rail support asseinbly. In addition, the front of the left strut of the engine

cradle has now been attached to the left rail strut support.

3.3.2.6. Front Suspension Components .

The vehicle suspension and steering mechanisms are made mostiy of steel bars or components
that have longitudinal direction significantly larger that their cross section. Therefore, those
substructures were modeled using the beam and truss finite elements. The beam elements
are capable of carrying both forces and moments. The boundary conditions that are placed
on a beam element determine the character of its load transfer. Where warranted by the

loading and geometry, the truss elements were used to restrict the force transfer to the axial
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direction of the element. The linear elements (beams and trusses) that were used in the
vehicle model are shown in Fig. 4. | '

The topology of the front suspension substructilre with respect td the front of the vehicle
is shown in Fig. 5. The modifications made to the front suspension car model consisted
mainly of the release of the moment-carrying capability of some of the links that were part
of the car’s front suspensibn. In some cases the changes involved the use of a truss element
rather than a beam model. In other instances it was necessary to use zero-length' 3-D bearhs
to selectively eliminate some reaction components of the end load of the beams used in the
model. The 3-D zero-length beams were used in LS-DYNA3D in combination with a beam
material (number 67) to simulate a 3-D spﬁng that connects discrete elements; arbitrary
load components at the element énds are assigned or eliminated.

Figure 6 illustrates the geometry of the front engine cradle assembly and suspension of
the vehicle. Figure 7 shows the modified model of this assembly. The part of the changes
associated with the link forces at the element ends can not be seen in the figures as we are
dealing with zero length beams. |

The following model components have been modified:

1. The control arm (materiai 94) that connect the wheel knuckle assembly to the longi-
tudinal member of the engine cradle (material 79 for the Y member and 81 for the +Y
member) was changed so that the strut interface with the subframe does not transmit

- moments along the X- and Y-axes. Rotation about the car Z-axis is constrained. The
—Y-axis interface of this strut to the subframe was not connected in the original model.
The interface of the control arms and the wheel knuckle assembly was also modified
so that no moments about the car Z-axis are allowed (wheel is free to pivot for vehicle

steering). Figure 8 illustrates the interfaces discussed in this section.

2. The tension struts (material 95) connect the wheel knuckle assembly to the forward
transverse crossmember (materials 82-83) of the engine cradle subframe (Fig. 8). Both
ends of this tension member have been modified so that no moments are transmitted

to the supports.‘
3. The stabilizer bar (material 97) is attached to the rear engine cradle crossmember (ma-
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terial 84) by U-brackets that allow rotation in the transverse axis (Figs. 9 and 10); both
free ends are connected to the MacPherson strut by a plastic link (material 96). The
original model implemented the connection of the stabilizer bar to the crossmember
using spot welds at two lc;cations; thus, rotation about the Y—Y. axis was cohstrained.
The link that connects to the shock absorber was modeled as a flexible metallic com-
ponent. Changes to this model include substitution of the weld supports with flexible

components that allow rotation in the Y-Y axis.

. The material properties of the link (material number 96) that connects the stabilizer bar
to the MacPherson strut (material 96) was changed to represent a polyamide nylon,
and the beam element type was changed from a ‘beam-type element to a truss-type

element.

. The half shafts (material 105) of the original model are beams rigidly attached to
the engine at one end and to the knuckle assembly at the other end. Some of these
interfaces were modeled using welds. The changes made implement a universal joint
at each end of each half shaft using a 3D zero length discrete beam with no moment
capacity at the half-shaft ends. Figure 11 shows the location of these half-shafts relative

to subframe and other suspension links.

. The interface between the lower end of the MacPherson strut (material 98) and the
knuckle assembly (materials 99/117) uses a 3D zero length discrete beam to release

the moments about the car Z-axis, see Fig. 12.

27



Fig. 4. Beam and Truss Elements in Vehicle Model

28



Fig. 5. Front Suspension Components in Vehicle Model '
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Fig. 6. Front Engine Cradle Assembly and Suspension, Technical Documentation

30



74-TAURUS-WALL-35MPH-50% OFST-GAA-021296

"~
o

i.

-

IR

et
s

=
uss

58!

e
=50
g

o

[ L rayRyS 33601 Rebits

Fig. 7. Front Engine Cradle Assembly and Suspension, Revised Model

31



7d-TAURUS-WALL-35MPH-50% OFST-GAA-021296

3
4

.

LN X
Ay

4

| LS TAURDS 53808 Ranss

Fig. 8. Tension Struts, Model

32



73-TAURUS-WALL-35MPH-50% OFST-GAA-021296
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3.3.2.7. Engine and Transmission Mounts

The engine and transmission (materials 89 and 122) mounts were previously modeled using
rigid body links between the engine and the engine cradle. The choice of this modeling
technique is attributed to the fact that the structure in the model at both ends of the
interface is not coincident. This approach resulted in a model that was rigid and did not
allow for local deformation between the components at the interface. Observation of the
test vehicle indicated that there was significant translation of the engine and transmission
relative to the supporting subframe. In fact, one of the mounts (transmission support to
longitudinal member) was broken, which resulted in noticeable displacement of the engine as
a rigid body relative to the car frame. The two engine mounts and the transmission cradle
are modeled using the nodal constraints and spot welds. The failure load of the weld has been
estimated so that failure does occur for the event analyzed. Elastic material properties of
the rubber found in these mounts were not available. This technique introduces the failure
feature that is necessary to realistically model these interfaces. The interface boundaries are
still not coincident, but this time a rigid link and a spot weld are attached at the interface.

Figures 13 and 14 show the locations of the engine and transmission mounts.

3.3.2.8. Structural Changes

All the mounts points where the suspension links attach to the engine cradle have been
stiffened (by local increase of thickness) to reduce local deformation caused by point loads
applied to the shell components. The thickness of the elements that share a common node
where the link was attached was increased to 3 mm. This includes the interface of the
tension struts with the forward engine cradle cross member (materials 95 and 82-83) and
the interface between the control arm and the longitudinal members of the engine cradle
(materials 94 and 79 for the —Y interface and 81 for the +Y interface, respectively).

The element thickness of the lateral members (materials 79 and 81) of the engine cradle
has been increased to 2 mm (from 1.93 mm).

The lower part of the forward engine cradle member (material 82) and the upper part of
this member (material 83), at the point where the forward engine mount is attached, have

been rigidly connected.
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The rear crossmember of the engine cradle (material 84) was changed to reflect changes
observed in the crash cars and Taurus shop manual drawings. Figures 15 and 16 show this
component in the original and modified configuration.

Front door connection with the hinge pillar has been completely redone to more accurately

simulate the hinge behavior and load transfer through the door structure.
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3.3.3. Consequences of the Changes in the Model

The input to LS-DYNA3D that incorporates these changes has been verified in a single-car
offset crash against a rigid obstacle. The top and bottom views of the test configuration
are shown in Figs. 17 and 18, respectively. The corresponding top and bottom views of
the deformed vehicle are shown in Figs. 19 and 20. The side view of the vehicle in Fig. 21
shows the lifting of the rear wheels from the driving surface. The underside view of the
front left su.bfra,me in Fig. 22 illustrates the kinematic constraints that suspension links are
placing on the deformation of the subframe. No experimental data were available for this
test to compare. The modeling of offset collision with a rigid barrier was used to assess the

general performance of the model in offset impact and to evaluate the influences of different

structural and topological changes to the model.
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Fig. 17. Frontal Offset Impact
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Fig. 19. Frontal Offset Impact, Deformed Vehicle, Top View
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The most complex coﬂision écehario éonsidered dﬁring this projéct was two-car frontal-
oblique-offset crash with center hne offset of 50% of the vehicle Wldth and at a 30° interception
(Fig. 23). The deformatlons at 50 ms and 150 ms are shown in Flgs 24 and 25. The close-
up view of the unders1de view of the front of the vehicles (Flg 26) again illustrates the
importance of suspension: links for modehng of the deformatlon The results obtained for
the two-car crash compare very. well in the undercamage reglon of the target car, as can
be seen in Figs. 27 and 28. T he top v1ews of the model predlctlon ‘and the actual vehicle

deformation are shown in. Flgs 29 and 30
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Fig. 23. Two Vehicle Frontal Oblique Offset Crash
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Fig. 24. Two Vehicle Crash, Deformat
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Fig. 25. Two Vehicle Crash, Deformat
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Fig. 27. Two Vehicle Crash, Test Vehicle, Bottom View
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Fig. 29. Two Vehicle Crash, Test Vehicle, Top View
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The changes that were made to the model have generally improved the accuracy of the
vehicle suspension, powertrain supports, and sheet-metal unibody front structure. Modeling
of the interaction of these components is crucial for capturing the complex deformation that
occurs during collision. The crashed vehicle showed that there was no single structure in the
front that remained intact and that each had contributed to some impact energy dissipation.
- The connections between different structures had to be more accurately modeled as they
break off and engage with other structures. In the new version of the model the engine
and transmission are essentially moving as rigid bodies supported by deformable links that

impact the neighboring structures, repIicé.ting the behavior that was observed in the test

vehicles.

3.4. CONSTITUTIVE MODELS FOR LWM

Sevefal constitutive material models®!* for aluminum alloys were analyzed during the course
of the project. The intention was to create a database of the existing constitutive material
models and evaluate théir behavior in crash situations. The model for main structural
parts th'at experience large forces and deformations should consider various failure modes
through the damage models. The failure modes may include tearing of the rﬁaterial together
with characteristic folding by a mechanism of plastic hinges. Figure 31 illustrates resulting
the .force difference of the rectangular tube impacting the rigid surface using the material
constitutive models with and without the consideration of damage. The standard elasto-
plastic model predicts significantly larger force associated with tube folding (Figure 32) than
the model that incorporates damage. In the case of the damage-enhanced model (Fig. 33)
material tears along the corﬂer of the tube and reduces the force exerted on the rigid wall.
If such a failure mode is expected in the structural part it is necessa,iy to include damage
effects in the model. bHowever, the damage and failure models have to be carefully deployed
in the model because such models may significantly increase computational time required

for the analysis.
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fringes of eff. stress (v-m) ¥ g . : fringe levels
min= ©.P0RE+B0 in element - 443 - x_ﬂ :
max= 3.419E+85 in element = 448 - 8.278£+85
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Flg 33. Magerial Model with Damag’e Effects'
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3.5. MASSIVELY PARALLEL COMPUTING APPLICATIONS

The simulations were performed using the massively parallel and multiprocessor versions of
LS-DYNA3D!2 software. A research collaboration has been established between ORNL and
the software vendor to improve its performance on distributed memory massively parallel
computers. The program calculates accelerations, velocities, deformations of components,
and forces acting on vehicles, taking into consideration variables such as different materials,
impact interactions, complex constraints, and spot welds. The program employs explicit time
integration scheme with mass matrix diagonalization,'® thus making the matrix factorizations
trivial without need for any signiﬁcant interprocessor communication. The down side to this
approach is that the computation is only conditionally stable.!® The stability condition
requires that the time step increment within which the ehtire state of deformation needs to
be computed be proportional to the size of the smallest element in the finite element model.
For example, simulation of a 120 ms-long collision of a car with a rigid barrier requires in
excess of 130,000 such time increments. The finite element model for the car used in this
study involves 27,000 to 30,000 finite elements and api:)roximately the same number of nodes.
To process one finite element during a computational increment, approximately 1000 floating
point operations and several hundred words of memory'? are needed.

The domain decomposition approach has been emplo_yed in the program as the princi-
pal method for exploiting concurrent distributed memory processing. Using this approach,
different parts of the structure are assigned to different processors for computation of their
deformation. At certain points in the pi‘ogra,m, the information has to be exchanged be-
tween processors to account for interaction between the subdomains (adjacency and contact
interaction) and to synchronize computation. The efficiency of the computation is influenced
by the ratio between the balanced computational load assigned to the processors and the
amount of communication that is needed between them. For a given size of the problem, as
the number of used processors increase, the subdomains (and therefore, computational load)
decrease while communication becomes dominant. After the computation time becomes
comparable to communication, the simulation time cannot be further feduced by incréasing
the number of processors. Three different decomposition methods can be used in the pro-

gram: (1) recursive spectral bisection (RSB),* (2) recursive coordinate bisection,'® and (3)
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greedy algorithm.® An example of the domarn decompos1txon using RSB is shown in Fig. 34.
The subdomaln-to-processor assrgnment for ‘the car on the rlght has been shown in exploded
view to illustrate the domain decompos1tlon approach Usually, the average size of interfaces
or “cuts” between dn‘ferent subdomams 1s directly proportronal to the communication that
would be required in the program Low commumcatlon resultmg from recursive spectral
bisection makes it a method of cho1ce for parallel processmg on d1str1buted-memory comput-
ers when there is no umlateral contact between the ﬁnlte elements However, in situations
‘where structural parts interact through contact and the spatra_l relations drastically change,
the advantages of RSB may not’ be S0 apparent l o

The vehicle impact srmulatlon 1nvolves computatlon of deformatlon of vehicle parts re-
sulting from their contact with 1mpactmg structure as well as contact with other vehicle
parts. If two interacting parts re81de on drfferent processors, this interaction needs to be
carried through mterprocessor commumcatlon Because it is very difficult to determine in
advance which parts will come into contact, such mformatlon cannot be embedded into do-
main decomposition ahead of computatlon In effect this requlres apphcatlon of geometrrcal
reasoning, which is a global memory operatlon on drstrlbuted-memory environment consist-
ing of mainly independent entities- (processors) havmg limited spatial scope. The contact
algorithm employed in the program is based on frequent spatial sorting of the contact enti-
ties and redistribution of the sorted posmon mformatlon between processors. The problem
space is divided into regular subdomams (“buckets ) in z, y, and z physical directions. The
process involves extensive commumcatlon between processors, ‘and, if performed every time
step, may create a computatlonal bottleneck By reducmg the number of ’bucket’ sorts,
computatlons can be speeded up consrderably, and if errors in computatlon are noticed, the
sorting frequency can be 1ncreased to mamtam accuracy

The timing results for drﬁ'erent numbers of processors for 51mulat1ng offset impact of a car
with a rigid barrier are shown in Flg 35. The time ams represents average CPU time spent on
the problem’s time mcrement. In this case, the repre_s_entatwe CPU time was averaged over
a number of time steps and co'mpa'red as’"}it.ﬁuctuatéd depending on simulation conditions
and machme load. An example of CPU t1me per: problem tlme increment throughout the

simulation usmg 128 processors is shown’ m Fig. 36 When the representatlve CPU times
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for different number of processors are normalizedwith'CPU time needed for 16 processors
(Fig. 37), it may be noticed that there was a reasonable increase in computational efficiency
up to 64 processors. Further increase in the number of processors did not significantly
reduce the overall computational time as the communication between processors became
dominant. In the case of the two-car crash, thé'efﬁciency increased up to approximately
128 processors. This could be attributed in part to the increase in the average size of
computational subdomains assigned to proces.sors with respect to required communication.
The single- and two-car impact computational simulations have been run numerous times to

identify deficiencies of the existing models and to improve their performance.
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4. CONCLUSIONS AND FUTURE WORK

The computational srmulatlon has become a standard tool in the -vehicle design process.
Large, detailed models can be generated drrectly from the CAD databases or by reverse
engineering methods. Introductlon of hghtwerght matenals in vehlcles can be significantly
accelerated by using these computatxonal models as test platforms to generate information
that can otherwise by created only through years of service and experience. As complex
material models for llghtwelght materials : are employed in new vehicle design, computational
power becomes a limiting factor Apphcatlon of masswely parallel computlng was an essential
component in this research because it allowed for 3 rapld development of these models.
Scalability studies on existing vehrcle models 1nd1cate the exrstence of 2 threshold for number
of processors that can be efﬁcrently used for a glven simulation. This threshold can be
related to the average number of ﬁmte elements that are assrgned per ‘computing node of the
massively parallel computer. '

The vehicle models developed at ORNL can be used for a host of apphcatlons, the primary
one being evaluation of hghtwerght materrals performance in vehicles. The model, although
significantly improved, can be made more reahstrc by further studies. Some modifications
that we feel may result in p051t1ve changes are further modrﬁcatlon to the steering links,
modification to the shotgun interface to the forward radiator mount assembly and A-pillar
assembly, and modification of front ﬂoor structure near the mterface ‘with the engine cradle
structure. The analysis software can certarnly tolerate 1m_provements, although it would
require development of fundamentally new ala'gorithms; to use the true‘ potential of massively

~parallel computers.
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